Weaning in mammals is typically thought of as the transition from reliance on maternal milk to feeding independently. Current theory suggests a complex process involving mothers imparting enough resources to offspring as to ensure survival without compromising both prior and future reproductive efforts, and the demands of offspring whose primary concern is survival. Otariid seals are a suitable group to study this given the morphological and behavioral similarities across species of the primary care giver, adult females. At higher latitudes, the duration of maternal care is short and tightly linked to seasonal productivity of the marine environment, punctuated by a predictable migration of mothers away from breeding sites. In contrast, nonmigratory temperate latitude otariid species have a much wider range of lactation periods, with mothers prolonging maternal support in relation to seasonal unpredictability of food resource. Prolonging care into the subsequent reproductive effort will likely have profound effects on the survival of the younger offspring. The Australian sea lion Neophoca cinerea has broken the phylogenetic constraint of a 12-month breeding cycle, which may reflect an alternate strategy to reduce the fitness costs of prolonged support by providing up to 18 months nutritional support to offspring. We use stable isotope analysis of temporally matched whisker sections combined with telemetry data on nutritionally dependent Australian sea lion pups to determine the weaning process and characterize the transition to nutritional independence. Using changes in isotopic nitrogen (δ 15 N) over time, pups undergo a gradual transition to independent foraging during a 3-to 6-month period before the onset of the next reproductive effort. Telemetry data supported this conclusion, indicating benthic foraging of weaned pups in areas consistent with adult female foraging.
The transition from parental support to nutritional independence is a critical stage in the development of vertebrates (Clutton-Brock 1991) . In mammals, this transition is typically characterized as a gradual shift from dependence on maternal milk to the ingestion of solid food; however, as a concept it is poorly defined (Martin 1984) . Given that lactation in adult female mammals is one of the most energetically costly physiological processes, there is a motivational difference between mothers and offspring in terms of the timing and duration of this transition (Maynard Smith 1980) . Considering this, the otariidae family of fur seals and sea lions represent a suitable suite of species by which to study the process of weaning; they are distributed throughout the entire latitudinal gradient of the marine environment, all parental care is afforded by the mother, and all adult females are broadly morphologically and behaviorally similar (Gentry and Kooyman 1986; Trillmich 1996) . During periods of offspring support, mothers are likely under strong selective pressure to optimize investment in their offspring (Trivers 1974) . Kin selection has been suggested to operate in pinnipeds , though its occurrence is still strongly debated (Hoffman and Amos 2005) . In contrast, offspring are motivated by their own need for survival, thus they should continue to consume maternal resources for as long as possible provided it does not compromise any inclusive fitness derived via their relatives (Trivers 1974; . Breeding in the otariids typically occurs on an annual cycle, with the lactation and weaning process lasting between 4 months and 3 years (Gentry and Kooyman 1986) . During this period, otariid mothers are central place foragers, alternating between foraging at sea and having to return to feed land-based offspring at regular periods (Orians and Pearson 1979) . Thus, the selection of breeding grounds represents an optimization between having access to adequate amounts of prey and having to return to terrestrial habitat to nurse their offspring (Orians and Pearson 1979) . In spite of these constraints, otariids breed at almost all latitudes, with age at weaning being negatively related to latitude (Gentry and Kooyman 1986) . High-latitude Antarctic fur seals (Arctocephalus gazella) and northern fur seals (Callorhinus ursinus) provide parental care for only 4 months (Lunn et al. 1993; Gentry 2002) , with reproduction and foraging behavior tightly linked to seasonally predictable, highly productive regions of food availability. At weaning, mothers are free from the constraints of central place foraging and are able to undergo seasonal migrations to richer foraging areas (Gentry and Kooyman 1986) . While it is clear that recently weaned otariid offspring also leave the breeding colony, there is limited information as to where they go (McCafferty et al. 1998; Lea et al. 2010) . Thus, for the highlatitude migratory otariids, a temporal and spatial gap between the onset of weaning and the birth of the next pup considerably reduces the possibility of competition between siblings for maternal resources.
At temperate and tropical latitudes, the relationship is less clear, with lactation lasting between 9 months and 3 years ). The extension of maternal care by species such as the Galapagos fur seal (A. galapagoensis) and Galapagos sea lions (Zalophus wollebaeki) appears to relate to changes in pup growth rates driven by unpredictable variability in food availability (Trillmich and Dellinger 1991; Trillmich et al. 1991) . Given that nearly all otariid species are fixed to a 12-month breeding cycle, the extension of maternal care through the latter stages of gestation and into a subsequent breeding event has profound implications for the survival of the younger sibling . In circumstances where there is finite maternal resources to provision 2 siblings from different cohorts, theory predicts that mothers should provide support to the older sibling, as this route would require less investment to achieve independence (Dawkins and Carlisle 1976) . Recently, this theoretical model has been supported and further developed by studies on Galapagos fur seals and sea lions Piedrahita et al. 2014) . Evidence from these studies suggest that not only does extended lactation into a subsequent breeding event have fitness costs for the mother, but that both the sex of the older offspring and its size when its younger sibling is born could also influence the severity of that cost . Consequently, one could suggest that in less productive, lower latitude environments, the phylogenetic constraint of annual breeding may have substantial fitness costs to adult females.
There is 1 notable exception to the general otariid model of a 12-month breeding cycle. The Australian sea lion (Neophoca cinerea) is Australia's only endemic and least numerous otariid seal, distributed across the southern coastline of Australia (Fig. 1) . The species is unique among otariids, exhibiting a nonannual, and temporally asynchronous breeding chronology (Higgins and Gass 1993) , has the longest postimplantation Table 1 . Four individuals tracked for more than 1 foraging trip displayed fidelity to the same general foraging area throughout their respective tracking periods. gestation period of any seal (Gales and Costa 1997) , and appears to have little or no reliance on seasonal variability in the marine environment that it exploits in terms of foraging specialization or choice of breeding location (Lowther et al. 2011 (Lowther et al. , 2013 . These life history traits are in marked contrast to sympatrically breeding long-nosed fur seals (A. forsteri) and Australian fur seals (A. doriferus) (Arnould and Hindell 2001; Baylis et al. 2012) . Breeding occurs at approximately 90 breeding colonies, of which less than 10 produce more than 20 pups during each breeding episode (Goldsworthy et al. 2009 ). Furthermore, the onset of breeding can be up to 6 months out of phase between breeding colonies separated by less than 30 km (Lowther et al. 2012) . One pup is produced every 18 months (Gales and Costa 1997) ; however, the degree to which skipbreeding occurs is currently unknown. There are currently 2 competing hypotheses regarding the evolution of the unique reproductive behavior of Australian sea lions, both relating to food availability and its distribution across the foraging range of the species ). Gales and Costa (1997) suggested that living and reproducing in an aseasonal, low-production environment has led to a concomitant prolonging of the lactation cycle allowing adult females more time to impart the same amount of energy to offspring. This is in-part supported by adult female Australian sea lions producing milk with the lowest fat levels recorded for otariids (Kretzmann et al. 1991) . However, the marine habitat occupied by the species supports some of the largest volume fisheries in Australia, a seasonal cold-water upwelling that attracts large populations of cetaceans, as well as large, fast-growing populations of long-nosed fur seals (Goldsworthy and Shaughnessy 1994; McClatchie et al. 2006; Lowther et al. 2013 ). Thus, the marine environment across the range of Australian sea lions appears to be a mosaic of highly productive areas interspersed across regions of low productivity. This has led to the formulation of an alternate hypothesis reflecting the need for offspring to have increased time to be able to find these locally resolved patchy areas of productivity and learn the necessary skills required to exploit them. Goldsworthy et al. (2009) suggested that these skills and knowledge may be transmitted along maternal lines, as seen for marine mammals such as common dolphins Delphinus delphinus (Kopps et al. 2014) , killer whales Orcinus orca (Whitehead 1998) , and southern right whales (Valenzuela et al. 2009 ). Lowther et al. (2012) explicitly tested the above hypothesis. While these studies failed to find evidence of matrilineal transmission, they further developed the hypothesis proposed by Goldsworthy et al. (2009) that prolonged nutritional support was necessary for benthic feeding offspring to independently locate and successfully exploit fine-scale regions of high productivity.
Observational studies to date suggest that Australian sea lion pups are nutritionally dependent on maternal milk to some degree until the next pup is born (Higgins 1993) . Thus, towards the end of the offspring-rearing period, Australian sea lion mothers must simultaneously deal with the increased energetic demands of 1) large, highly mobile yet (presumably) nutritionally dependent offspring and 2) pregnancy. Importantly, given the lack of breeding synchronicity observed throughout the range of the species, the transition to nutritional independence does not appear to be linked to some seasonal increase in resource availability. Thus, characterizing weaning chronology in Australian sea lions represents a fascinating opportunity to understand how the reproductive ecology of this species has evolved to optimize a set of energetic and parental demands that are not experienced by other otariids.
Studying the weaning process of any large, highly mobile predator that utilizes the marine environment for foraging is challenging. The use of biogeochemical markers such as stable isotopes of carbon and nitrogen incorporated into animal tissues to approximate the geographic and trophic extent of foraging is becoming increasingly popular (Crawford et al. 2008 ) and may provide a solution to estimating the onset of independent feeding. The timeframe over which stable carbon and nitrogen reflect foraging behavior are tissue dependent; for example, the isotopic composition of blood reflects foraging over a few days whereas isotopic incorporation into muscle or bone reflect an average over months (Newsome et al. 2010) .
The growth characteristics of otariid vibrissa present an opportunity to study foraging behavior along a retrospective timeline, as whiskers appear to grow at a linear rate and are biologically inert once grown (Hirons et al. 2001) . Consequently, if the growth rate of a whisker can be quantified, isotope values can be temporally calibrated (Cherel et al. 2009; Rea et al. 2015) . These characteristics have been used to quantify seasonal migrations, foraging site fidelity, and seasonal variability in diet across a range of otariids such as Antarctic fur seals (Cherel et al. 2009 ), Galapagos sea lions , Australian fur seals (Arnould et al. 2011) , and Australian sea lions (Lowther et al. 2011 (Lowther et al. , 2013 .
In the case of the Australian sea lion, the lack of migratory movement and continuous lactation of adult females may provide an opportunity to quantify the weaning process using the isotope levels present in the whiskers of recently weaned pups. As such, the objectives of this study were 3-fold: 1) to determine the growth rate of whiskers in Australian sea lion pups, 2) estimate the weaning process using stable isotope biogeochemical markers in pup whiskers, and 3) characterize the 3-dimensional use of the water column during presumed foraging trips immediately after weaning.
Materials and Methods
This study was conducted between February 2009 and November 2010 at Olive Island, the 4th largest breeding colony of Australian sea lions located 5 km off the South Australian coast ( Fig. 1; 32°43′10 .23″S 133°58′03.51″W). Estimated total pup production at this colony was 133 (Goldsworthy et al. 2015) .
Whisker growth rate.-A precursor to assessing the onset of independent feeding was establishing an appropriate mean whisker growth rate for Australian sea lion pups. Between 12 and 26 February 2009, 48 pups were sampled from an available cohort of known-age pups (n = 100) which had been marked with uniquely numbered plastic tags on the trailing edge of each foreflipper to facilitate identification within a week of birth as part of an earlier study (Lowther and Goldsworthy 2010) . Pups were captured by hand and manually restrained with exact date and time of capture recorded for each pup. Sex, standard length (straight-line length from tip-of-nose to tip-of-tail, to nearest 0.5 cm), and mass (measured using a 25 × 0.1 kg spring balance) (Salter Weigh-Tronix, Blackburn, Victoria, Australia) were recorded. A whisker (right side of the pup, distal to the muzzle, upper-most whisker) was snipped close to the base of the muzzle. The remaining whisker portion was measured using a micro-vernier calliper (± 0.05 mm) by pushing the whisker forwards and measuring from the skin of the muzzle to the tip of the whisker. The same whisker of as many of these pups that could be recaptured was remeasured on 2 separate recapture events (21-28 May and 4-14 August 2009) using the same technique described above to provide 2 growth rate data points for each pup (Supporting Information S1). On many occasions, pups were only recaptured once; on these occasions, growth was assumed to be linear throughout the study.
Weaning process -stable isotope sampling.-Twelve tagged pups from this cohort who were assumed to have recently weaned (~18 mo) were captured during August 2010, restrained, and whisker sampled by clipping a whisker at the base of the muzzle from the same location described above (note that the pups sampled here are different individuals to those used in the generation of mean whisker growth rate estimates). Isotope values when pups were < 4 weeks old for all individuals in this cohort were available from an earlier study.
Whiskers were prepared according to Lowther and Goldsworthy (2010) . Briefly, individual whiskers were cleaned for 20 min with deionized water then with a solution of 2:1 methanol:chloroform for a further 20 min to remove lipids, followed by a final clean with deionized water for an additional 20 min. Each whisker was checked under a stereomicroscope for any remaining tissue or dirt; contaminants were removed using a scalpel blade. All samples were then rinsed with distilled water and left to air-dry overnight in a fume cupboard. Each whisker was then clipped into 6 segments from the proximal end in lengths equal to the monthly growth rate estimated above, with the 1st segment representing the most recent foraging activity.
Isotopic data analysis.-Species-specific isotopic fractionation values and associated SEs were previously calculated and used to estimate maternal isotope ratios from pup values measured at 4 weeks of age (Lowther and Goldsworthy 2010) . Evidence suggests that maternal isotope values do not vary seasonally or annually (Lowther et al. 2011 ), thus we make the assumption that the derived maternal value is representative of the duration of the study. Isotopic carbon and nitrogen values of whisker segments representing the preceding 6 months of feeding for each individual were plotted as a time series against the estimated maternal values for each individual and a locally weighted scatterplot smooth (LOESS) was fitted to each time series. Given that maternally dependent pups feed at 1 trophic level higher than their mothers (Cherel et al. 2015) , we define weaning as the point at which the nitrogen curve crosses the upper SE of the mean estimated maternal value. However, we do not know whether pup diets were still being supplemented by maternal milk at this time.
Relating isotope ratios and movement ecology for weaned Australian sea lions.-Six pups from the same recently weaned cohort that were whisker sampled in August 2010 were also fitted with archival GPS loggers (F1G, Sirtrack Ltd Havelock North, New Zealand or mk10-AF, Wildlife Computers, Redmond, Washington) and dive recorders (Wildlife Computers mk9 TDR [time and depth recorder]) to relate changes in isotope values with dive and foraging behavior. Individuals were instrumented in August 2010 (Table 1) . Animals were manually restrained and instruments were attached on the midpoint of the back, 1 handspan behind a line drawn between the foreflippers using 2-part epoxy glue (RS Components Pty Ltd). Devices were programmed to record data at 15-min (GPS) and 1-s (TDR) intervals and were left attached for at least 1 foraging trip (determined by observed departure and arrival from the colony) to a maximum of 90 days (Table 1) . Each animal was then recaptured and the devices removed.
Telemetry data analysis.-Raw data from each device were downloaded using manufacturer-supplied software (Sirtrack Fastloc Admin Tool v.1.1.5.8; Wildlife Computers mk9 and 10 hosts and DAP processor) and location estimates derived from 4 or fewer satellite fixes were discarded (Bradshaw et al. 2007) . Foraging trips were delineated by the 1st and last inwater positions and characterized using duration and straightline distance between successive locations. Dive data were 0 offset corrected and analyzed using the R package "diveMove" (Luque and Fried 2011) with a dive threshold of 4 m to provide metrics of depth and duration of each dive. In order to estimate where diving occurred, GPS data were also processed using a continuous-time Kalman filter using the R package "crawl" to generate a model from which locations could be estimated at any given time (Johnson et al. 2008) . Time-stamped dive data were then fitted with this model, and each dive was associated with a latitude and longitude. Subsequently, a bathymetric depth was extracted from a 500 m resolution digital elevation model of the area (Whiteway 2009). To characterize the diving behavior of individuals, we expressed the proportion of the water column utilized by each individual during each dive as a ratio of the maximum dive depth achieved to the bathymetric depth at that location. Additionally, for each individual, 
results
Fifteen serially recaptured pups (8 females and 7 males) provided whisker growth rate estimates ranging from 0.18 to 0.34 mm/day (mean 0.26 ± 0.05 mm/day; Supporting Information S1), with no difference in growth rates between sexes (Students t-test t = 1.4, P = 0.19). Using this derived mean growth rate, δ 15 N dropped below estimated maternal values for 8 individuals with the remainder falling within the SE of the mean (Fig. 2) . Weaning age, estimated by comparisons with maternal isotope values, ranged from 12 to 18 months with most individuals displaying a sharp decline in δ 15 N as they approach weaning (Fig. 2) .
Telemetry data from pups who were tracked at approximately 18 months of age (when weaning was presumed to have occurred) ranged from 3 to 90 days, capturing foraging data on between 1 and 41 distinct foraging trips (Table 1) . Pups spent 0.9-3.4 days at sea on each trip, travelling between 39.9 and 111 km. Pups tracked for multiple foraging trips (n = 5) displayed a propensity to return to the same region on consecutive trips (Table 1 ; Fig. 1 ). Two TDRs failed, resulting in dive behavior being recorded for 4 individuals. Mean and maximum dive depths ranging from 7.9 to 58.7 m and 29.5 to 76.5 m, respectively. On average, pups spent between 57% and 66% of each dive at greater than 80% of the maximum depth achieved, though unsurprisingly, the pup which dove in the shallowest water had the highest dive efficiency and spent the greatest proportion of time at the bottom (#107B; Table 1 ). All individuals dove deeply, using more than 80% of the available water column on any given dive (Table 1) .
discussion
In all but 1 case, isotope values of pups fell to the same levels as estimated maternal values or below, indicating that most pups were feeding at least at the same levels as their mothers. Given that nutritionally dependent pups feed at 1 trophic level higher than their mothers (Cherel et al. 2015) , we conclude that pups who display a δ 15 N similar to or lower than estimated maternal values are either nutritionally independent or receiving minimal support. The isotopic values of the sole outlier (pup 128B) initially decreased then subsequently increased back above maternal values during the final monthly whisker measurement. The associated tracking data may represent independent foraging on a higher trophic level of prey, though it is also possible this pup recommenced nursing from its mother after the new pup had died. Consequently, we conclude that Australian sea lion pups appear to wean over a period of 3-6 months preceding the (presumed) birth of the next pup. The diving behavior immediately after weaning of a subset of these isotopically studied pups also exhibited movement and dive behavior consistent with foraging, with complete overlap in terms of the current 3-dimensional range exploited by adult females (Fowler et al. 2007; Lowther et al. 2011) .
Having arrived at the conclusion of weaning in these individuals, we acknowledge 1 key assumption the study makes. It is possible that pup isotope values crossing estimated maternal values could represent pups independently supplementing maternal milk with extremely low trophic level prey to some degree. The subset of pups who were tracked were not observed to be in contact with an adult female either immediately before the deployment of devices or during instrument retrieval. However, the possibility that these "weaned" pups reunited with their mothers to supplement their diets could not be ruled out. Given we have identified a change in the trophic nature of pup diets coincident with the expected period in which weaning should occur, we recommend additional dietary studies should be conducted during this period. One possible research avenue may involve isotopic mixing models of potential prey items characterized using fatty acid analysis of blubber biopsies, using the isotope values from the fatty acid chains themselves as model input (Wang et al., in press ). This approach may more clearly show the reduction in maternal contribution to offspring diet throughout weaning and is feasible given the capacity we demonstrated to serially recapture pups during this period. Notably, we show an increase in nitrogen isotope values between the initial measurement taken at 4 weeks of age and when the pup was approximately 12 months old in 4 pups (128B, 13W, 133B, and 107B; Fig. 2 ). This may be due to a shift in maternal isotope values concurrent with a change in diet; however, current evidence suggests adult female Australian sea lions do not alter their foraging locations or their diet (Lowther et al. 2011 ). Alternatively, it may reflect catabolism associated with older pups becoming more mobile (Sare et al. 2005) , or a trace of in utero isotopes combined with the (presumed) ex utero sample from the 4-week old pups. Disentangling the cause of this temporary increase in pup δ 15 N would be challenging, requiring serial sampling of blood plasma of both mother and pup to temporally synchronize fine-scale changes in isotope values. While we have begun to quantify the outcome of the transition of Australian sea lion pups to nutritional independence in terms of dietary intake and movement behavior, the process by which this occurs, and who drives it (i.e., mother or pup), is currently unknown. Indeed, there are very few studies examining the costs of prolonged lactation into a new reproductive event. demonstrated that Galapagos fur seal females would only forcefully instigate weaning if sibling was sufficiently large to feed independently. In conditions where the offspring did not meet this minimum requirement, maternal support was provided at the cost of the newborn. Consequently, the evolution of an 18-month breeding cycle by Australian sea lions may reflect and alternative strategy to reducing the parent-offspring conflict. This strategy would provide the greatest potential for offspring survival and weaning while reducing the impact on future reproductive events, with pups having up to 6 months additional maternal support to attain nutritional independence. Empirically testing this hypothesis would require longitudinal studies of adult females over multiple consecutive breeding events to collect proximate measures of fitness and ascertain any change in future costs of prolonging lactation. Furthermore, as we showed a gradual decrease in isotope levels suggestive of independent feeding, our study broadly supports the modified hypothesis of Goldsworthy et al. (2009) that the evolutionary strategy adopted by Australian sea lions is a response to living in an environment with heterogeneously distributed food resources. Australian sea lions have broken the phylogenetic constraint of a 12-month breeding cycle, potentially as a reaction to the need to prolong lactation to ensure offspring survival. Our study supports this contention, with offspring appearing to wean after a prolonged period of nutritional support, and rarely entering into competition with younger siblings as seen in other otariids. Capture-mark-recapture exercises conducted across the species range offer estimates of pup production; however, determining whether the elongated levels of maternal support translate into a greater probability of postweaning survival is challenging. Observations have been made of juveniles up to 3 years of age still suckling as has the displacement of younger pups by older siblings (A. D. Lowther, pers. obs.; S. D. Goldsworthy, SARDI Aquatic Sciences, pers. comm.), highlighting that under some conditions even a prolonged nursing period is insufficient to guarantee nutritional independence of offspring. One approach may be to characterize the process of weaning retrospectively across breeding seasons; for example, if a majority of pup isotope values remain above estimated maternal values, then the conclusion may be that these pups receive additional maternal support into the next offspring-rearing period and compromise the survival of the next cohort. Such an approach could be applied across species and may provide a means to better understand fluctuations in pup production.
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